Wistar-Kyoto-derived Hyperactive (WKHA) rats constitute an inbred strain that has been derived from the progeny of hybrid Wistar-Kyoto (WKY)/ Spontaneously Hypertensive Rats (SHR) F2 crosses. The WKHA rats were developed initially in 1980 by Hendley and associates in the attempt to remove a prominent behavioral abnormality (hyperactivity) from the hypertensive trait of SHR that had been fixed in this strain during intensive inbreeding (Hendley and Ohlsson 1991; Hendley 2000) . Using cross-breeding of SHR with WKY followed by recombinant selected inbreeding, Hendley and Ohlsson (1991) (Deschepper et al. 1997) . WKHA display marked locomotor hyperactivity and hyperreactivity to stress when compared with WKY. The activity score obtained with WKHA in an exploration test in a novel environment is much higher than the score observed in the WKY strain (Sagvolden et al. 1992) . Moreover, the WKHA also seems to display "attentional problems" when compared with WKY (Sagvolden et al. 1992) . Although these characteristics are reminiscent of those observed in children diagnosed with attention deficit disorder (ADHD), the utility of this strain as a potential model of ADHD has not received extensive experimental attention.
Wistar-Kyoto-derived Hyperactive (WKHA) rats constitute an inbred strain that has been derived from the progeny of hybrid Wistar-Kyoto (WKY)/ Spontaneously Hypertensive Rats (SHR) F2 crosses. The WKHA rats were developed initially in 1980 by Hendley and associates in the attempt to remove a prominent behavioral abnormality (hyperactivity) from the hypertensive trait of SHR that had been fixed in this strain during intensive inbreeding (Hendley and Ohlsson 1991; Hendley 2000) . Using cross-breeding of SHR with WKY followed by recombinant selected inbreeding, Hendley and Ohlsson (1991) developed the inbred WKHT rat strain, which is hypertensive but not hyperactive, and the inbred WKHA strain, which is hyperactive and hyperreactive to stress, but not hypertensive. The WKHA are now truly inbred and their genetic makeup constitutes a true mix of the backgrounds of the parental WKY and SHR strains (Deschepper et al. 1997) .
WKHA display marked locomotor hyperactivity and hyperreactivity to stress when compared with WKY. The activity score obtained with WKHA in an exploration test in a novel environment is much higher than the score observed in the WKY strain (Sagvolden et al. 1992) . Moreover, the WKHA also seems to display "attentional problems" when compared with WKY (Sagvolden et al. 1992) . Although these characteristics are reminiscent of those observed in children diagnosed with attention deficit disorder (ADHD), the utility of this strain as a potential model of ADHD has not received extensive experimental attention.
Accordingly, the present study was conducted to assess the face validity of the WKHA strain as a model of ADHD. To do so, we compared the performance of WKHA to both WKY (genetic control) and Wistar (outbred control) strains in two behavioral tests. First, we measured activity levels of the three strains in an exploration test in a novel environment. Second, we examined the behavior of the three strains in the prepulse inhibition (PPI) test of the acoustic startle reflex. This test assesses sensorimotor gating, or the extent to which a weak acoustic stimulus draws cognitive processing away from a more pronounced acoustic stimulus (Ralph et al. 1999; Wood et al. 1998) . Although there is considerable debate as to whether PPI reflects the operation of an attentional (as opposed to a preattentional) mechanism, it is clear that PPI is involved in stimulus selection or stimulus filtering, a process that appears to be aberrant in ADHD (Ralph et al. 1999) . Moreover, some evidence also exists for a deficit in sensorimotor gating in a sub-population of ADHD children (Castellanos et al. 1996) . A third reason justifying our use of the PPI test is that, like locomotor activity, sensorimotor gating is modulated by central dopaminergic substrates (Swerdlow et al. 1994) , and there is extensive clinical evidence implicating alterations in dopaminergic function in the pathophysiology of ADHD (Pliszka et al. 1996) .
We also examined the extent to which the performances of the three strains in both the locomotor activity and PPI tests were sensitive to pretreatment with the psychomotor stimulant methylphenidate, which is the pharmacologic intervention of choice in the treatment of ADHD. Evidence supporting the face validity of the WKHA strain as a model of ADHD would be provided by the demonstrations that, relative to both WKY and Wistar, WKHA exhibit greater activity counts in the novel environment exploration test and impaired PPI. Additionally, both these behavioral impairments should be reversed, at least in part, by pretreatment with methylphenidate.
Finally, in light of possible dopaminergic defects, we examined the expression of NGFI-B, a transcription factor whose expression has been shown to be regulated by dopaminergic tone (Gervais et al. 1999; Beaudry et al. 2000) . Expression of this transcription factor was examined within mesocorticolimbic structures that have been proposed to play important roles both in motor activity and attention (Lou et al. 1998; Swanson et al. 1998; Vaidya et al. 1998) . NGFI-B expression was examined in both untreated and methylphenidate-treated animals from all three strains.
MATERIALS AND METHODS

Animals
WKY/Cr and Wistar [Crl:(WI)BR] were obtained from Charles River (St. Constant, QC, Canada), whereas WKHA/Cfd originated from the colony maintained at the Institut de Recherches Cliniques de Montréal (IRCM) (Deschepper et al. 1997; Masciotra et al. 1999) , as registered with the Institute of Laboratory Animal Resources (ILAR) of the National Research Council. The nomenclature of each strain is in compliance with the recommendations of the International Rat Genetic Nomenclature Committee. Rats were used only once and were divided into four pharmacological groups: a vehicle group (saline s.c. 30 min before the behavioral test) and 3 groups treated with either 1, 2, or 5 mg/kg b.w. of methylphenidate s.c. 30 min before the behavioral test. The drug was a kind gift of Novartis (Montréal, QC, Canada).
Behavioral Tests
The three strains described above were used for behavioral tests. All rats were males used at 12 weeks of age. Each animal was used only once, and was tested in either the open field test or the prepulse inhibition test. Ambulation (locomotor activity) in a novel environment was measured under standard room illumination between 10:00 A . M . and 2:00 P . M ., using a square Lucite cage (30 ϫ 30 cm) equipped with 4 sets of light beams, as used and described previously in the original work of Dr. Hendley for the development of the WKHA strain (Hendley and Ohlsson 1991) . The animals were placed in the cage for a total of 10 min, and locomotor activity was measured by calculating the number of times the light beams were interrupted. The experimental cage was cleaned with a 70% ethanol solution following each subject evaluation.
Prepulse inhibition was measured in two startle chambers (San Diego Instruments, San Diego, CA), consisting each of Plexiglas restrainers mounted on a Plexiglas base within a sound-attenuating chamber. A piezo-electric strain meter attached to the base transduced the startle response. Stabilimeter readings were rectified, digitized on a 4095 scale, and recorded by a computer. A speaker located in the ceiling of the sound attenuating chamber presented all acoustic stimuli and maintained a constant background noise level of 70 dB. Startle reactivity was assessed by exposing animals to a 30 msec, 120 dB acoustic stimulus alone. An average of 50 1-msec readings, beginning at the onset of the startle stimulus, was used as the dependent variable.
PPI of acoustic startle responses was measured by having the 120 dB startle stimulus preceded by a 30 msec prepulse stimulus, which terminated 70 msec before the onset of the startle stimulus. The intensity of the prepulse stimulus varied from 3-15 dB above the background noise level in 3 dB increments. A test session consisted of placing the animals in the startle chamber for a 5-min acclimatization period after which they were exposed to a total of 37 trials separated by variable interstimulus intervals that averaged 15 s. The first two initial trials were startle trials. Results of the very first two trials were discarded as animals generally overreact to them. Over the last 35 trials, animals were exposed to an additional 10-startle trials, and to 5 trials at each of the 5 prepulse intensities. These trials were presented randomly, with the one restriction that no more than two trials of the same type could occur in succession. The Plexiglas restrainers were cleaned with a 70% ethanol solution between each rat evaluation. For data analysis, the average of the last 10-startle trials was taken as the measure of startle reactivity for each animal. We also averaged the 5 trials taken at each of the 5 prepulse intensities, and then expressed these values as a percentage of the average reactivity for the 10 startle trials, using the formula: {(startle-prepulse)/ startle} ϫ 100.
In Situ Hybridization Histochemistry
Histochemical hybridization localization of each transcript was carried out as previously described (Dumont et al. 1999; Mansi et al. 2000) . The NGFI-B cRNA probe was generated from a 2.4 kb Ec oR1 fragment of a fulllength rat NGFI-B cDNA (Dr. Milbrandt, Washington University, St. Louis, MO) subcloned into pBluescript SK-1 plasmid that was linearized with Ba mH I. Radioisotope-labeled antisense cRNA copies were synthesized by incubating 250ng of linearized plasmid in 5X transcription buffer (6mM MgCl 2 ; 30-40 mM Tris (pH 7.9); 10mM NaCl), 10mM dithiothreitol, 0.2 mM ATP/GTP/CTP, 200 Ci { ␣ -35 S} UTP, 40U RNAsin, and 20U T3 RNA polymerase, together for 60 min at 37 Њ C. The RNA-radioprobe was purified with mini-Quick-spin RNA columns (Roche Diagnostics, Montréal, QC, Canada). The cRNA was precipitated with 80 l 5M ammonium acetate and 500 l 100% ethanol for 20 min on dry ice. The pellet was resuspended in 100 l 10mM Tris/1 mM EDTA (pH 8.0). A concentration of 10 7 cpm probe was mixed into 1 ml hybridization solution (518 l formamide; 62 l 5M NaCl; 10 l 1M Tris (pH 8.0); 2 l 0.5M, EDTA (pH 8.0); 20 l 50x Denhart's solution; 207 l 50% dextran sulfate; 50 l 10 mg/ml transfer RNA; 10 l 1M dithiothreitol; 118 l diethylpyrocarbonate water-volume of probe used). This solution was mixed and heated for 5 min at 65 Њ C before applying to slides. Radio-isotope-labeled sense (control) cRNA copies were also prepared to verify the specificity of NGFI-B probe. Hybridization with these probes did not reveal any positive signal in the rat brain.
Quantitative Analysis
Quantification of hybridization signal for the NGFI-B mRNA was performed by analysis of exposed X-ray films (Kodak). Selected regions of interest (ROIs) included the following: parts of the mesocorticolimbic system and of the medial prefrontal cortex, cingular cortex, striatum (divided in dorsomedial and dorsolateral portions), the nucleus accumbens (core and shell), and the ventral tegmental area. Each film was analyzed in a double-blinded fashion. Transmittance values (referred to here as optical density or OD) of the hybridization signal were measured using a Northern Light Desktop Illuminator (Imaging Research, Inc., Ontario) with a Micro-Nikkor 60-mm-mounted Sony Camera coupled to a Power Macintosh 8600/300. The signal was analyzed with NIH image software, version 1.61 (W. Rasband, NIH, Bethesda, MD). Densitometric analysis, yielding measures of integrated OD (area of the signal ϫ average optical density), were performed according to a standard scale established using 14 C standard slides (American Radiolabeled Chemicals Inc., St. Louis, MO). All samples that emitted a clear positive signal were evaluated within a linear range to avoid pixel saturation and underestimation. The OD of each side of ROI was corrected for the average background signal by subtracting the OD of areas without positive signal located immediately outside the digitalized ROI.
Statistical Analysis
Locomotor activity data were analyzed by a betweensubjects, two-way (strain ϫ drug treatment) ANOVA, followed by Fisher LSD post-hoc tests. PPI data in nontreated animals were analyzed by two-way factorial ANOVA (strain ϫ prepulse intensity, with prepulse intensity as a repeated measures factor), followed by Tukey's post-hoc test. PPI data in methylphenidatetreated animals were analyzed by a three-way factorial ANOVA (strain ϫ methylphenidate dose ϫ prepulse intensity, with prepulse intensity as a repeated measures factor), followed by Tukey's post-hoc test. In situ hybridization data were expressed as relative total integrated density (arbitrary units) for NGFI-B mRNA of the ROI of control (vehicle) or methylphenidate rats.
The results were analyzed using a two-way betweensubject factorial ANOVA (strain ϫ drug treatment); post-hoc multiple comparisons were done using a Bonferroni test. Levels were deemed significant at p Ͻ .05. Figure 1A depicts the mean scores of locomotor activity for the three strains. The strain effect was characterized by greater activity in WIS than WKHA ( p Ͻ .0001), which were more active than the WKY ( p Ͻ .0001) (Figure 1 A) . Methylphenidate administration (1, 2, and 5 mg/kg b.w.) induced a dose-dependent increase in locomotor activity in the three strains ( Figure 1B) . The percentage increase of locomotion to methylphenidate, however, was much higher in WKY, especially with the 5 mg/kg dose, whereas the percentage increase for WKHA and WIS were to the same extent ( Figure 1B,  inset) . Figure 2A shows the percent of prepulse inhibition exhibited by the three strains at each of the five intensities in saline-treated animals. ANOVA yielded significant main effects for strain (F (2, 15) ϭ 7.63, p Ͻ .01), for prepulse intensity, (F (4, 60) ϭ 41.53, p Ͻ .0001), and a significant interaction between both factors, (F (8, 60) ϭ 3.21, p Ͻ .005). The prepulse intensity main effect reflects the increase in the magnitude of PPI with increases in prepulse intensity. Tukey's analysis of the interaction revealed that prepulse inhibition was significantly lower in WKY than in WIS and WKHA rats at PP3, and significantly lower than WIS at PP6 ( p Ͻ .05). Figure 2B shows the percent of prepulse inhibition exhibited by the 3 strains at each of the 5 intensities in animals treated with 3 different doses of methylphenidate. ANOVA yielded significant main effects for strain, (F (2, 45) ϭ 3.89, p Ͻ .03), dose, (F (2, 45) ϭ 3.356, p Ͻ .05), and prepulse intensity, (F (4, 180) ϭ 81.25, p Ͻ .0001). None of the interactions were significant. The prepulse intensity effect reflects the increase in PPI with increases in prepulse intensity. The strain main effect reflects the finding that WKHA rats exhibited significantly greater ( p Ͻ .05) levels of PPI in comparison to WIS (but not WKY). The dose main effect indicates that administration of 5 mg/kg methylphenidate significantly ( p Ͻ .05) Figure 2 . Mean (ϮSEM) prepulse inhibition in Wistar, WKY, and WKHA male rats administered either saline (panel A) or 1, 2, or 5 mg/kg methylphenidate (panels in B) across 5 different levels of prepulse intensities. Each function in each panel represents the results from a separate group of animals (n ϭ 6 per group). A three-way ANOVA revealed significant main effects for strain (p Ͻ .025), indicating lowered PPI in Wistar animals relative to WKHA, drug treatment (p Ͻ .03), indicating a dose-dependent reduction in PPI, and prepulse intensity (p Ͻ .0001), indicating increasing levels of PPI across increasing prepulse intensities. There were no significant interactions. date administration to each strain in each behavioral test. As indicated previously, evidence supporting the face validity of the model would be provided by the findings that (1) WKHA animals show deficits in PPI, (2) are hyperactive in the open field test, and (3) both these behavioral impairments are reversed by methylphenidate administration.
RESULTS
Exploration Activity in a Novel Environment
Prepulse Inhibition
The results obtained in saline-treated animals failed to confirm the first two predictions. PPI in saline-treated WKHA rats was no different from that in saline-treated WIS rats. Moreover, the strain that appeared to be most impaired in terms of PPI performance was WKY, as PPI in WKY animals was lower than that in WKHA and WIS, at least at the low levels of prepulse intensity. In the open field test, saline-treated WKHA rats were indeed more active in the open field exploration test in comparison with the inbred control WKY strain, as has been previously reported (Sagvolden et al. 1992) . The activity of WKHA rats was, however, lower than that observed in the outbred Wistar control strain and also that of Lewis rats (results not shown). Several studies have reported that the WKY strain displays marked hypoactivity in open field tests (Tilson et al. 1977; McCarty 1983; Pare and Kluczynski 1997) . Accordingly, it appears that the difference in locomotor activity between WKHA and WKY is the result of hypoactivity in WKY, rather than the putative hyperactivity of WKHA.
Because methylphenidate has been shown to ameliorate both the hyperactivity and the attention deficits observed in ADHD, we also characterized the effects of this compound in the three strains in both the open field and the PPI tests. In both cases, methylphenidate failed to evoke the predicted outcome, a reduction of locomotion and an increase in prepulse inhibition. In the open field, methylphenidate dose-dependently increased locomotor activity in all strains. Moreover, of the three strains examined, the response of WKY to methylphenidate administration was the most pronounced. Specifically, at the 5 mg/kg dose, methylphenidate increased locomotor activity approximately six-fold in WKY, but only by about two-fold in both WKHA and Wistar.
WKHA rats administered methylphenidate displayed significantly higher levels of PPI than did Wistar rats treated with this compound. This could, in principle, be taken as partial support for the hypothesis that methylphenidate improves PPI performance in the reduced levels of PPI relative to the 1 mg/kg (but not the 2 mg/kg) dose.
NGFI-B Expression
We examined the expression of NGFI-B (a transcription factor whose expression is regulated by dopaminergic tone) within mesocorticolimbic structures (Figure 3) . In the accumbens, ANOVA yielded a significant interaction between strain and methylphenidate treatment both within the core (F (2,60) ϭ 4.39, p Ͻ .017) and the shell (F (2, 61) ϭ 4.18, p Ͻ .02) divisions. In the striatum, ANOVA yielded significant main effects for strain (F (2, 61) ϭ 4.05, p Ͻ .022), for methylphenidate treatment (F (1, 61) ϭ 5.61, p Ͻ .021) and a significant interaction between strain and methylphenidate treatment (F (2, 61) ϭ 5.32, p Ͻ .0074). In the cingular cortex, ANOVA yielded a significant interaction between strain and methylphenidate treatment (F (2, 61) ϭ 3.89, p Ͻ .03). Finally, in the medial prefrontal cortex ANOVA yielded a significant interaction between strain and methylphenidate treatment (F (2, 32) ϭ 0.70, p Ͼ .5). There was no difference in basal levels in the NGFI-B expression between the three rat strains for any of the structures investigated, i.e., striatum, accumbens (core and shell), medial prefrontal cortex, and cingular cortex (Figure 4 ). Methylphenidate treatment (5 mg/kg) induced a differential pattern of response in each rat strain. In Wistar and WKHA, methylphenidate had only marginal effects. Thus, the only noticeable effect in Wistar was a trend toward a decrease (p Ͻ .06) in the core of the nucleus accumbens. In WKHA, the only significant effect of methylphenidate was a small increase of NGFI-B mRNA expression within the shell of the accumbens. In contrast to the two other strains, methylphenidate significantly increased the expression of NGFI-B mRNA in the accumbens (core and shell), striatum, and cingular cortex of WKY (Figure 4 ).
DISCUSSION
In order to assess the validity of the WKHA strain as an animal model of ADHD, the present experiments contrasted the locomotor and sensorimotor gating capacities of this strain with those of the WKY and Wistar strains, and also examined the effects of methylpheni-WKHA strain. There are, however, two problems with this conclusion. First, PPI levels in methylphenidatetreated WKHA rats were no different from those in methylphenidate-treated WKY animals. Second, and more importantly, within-strain comparisons of the effects of methylphenidate (Figures 3A and 3B) suggest that this compound actually impaired PPI performance in Wistar animals, rather than improve performance in the WKHA rats. For instance, at the highest dose administered (5 mg/kg) methylphenidate reduced PPI levels in WKHA rats by about 20-30% across the different prepulse intensities relative to untreated WKHA rats. In Wistar animals, 5 mg/kg methylphenidate evoked a more pronounced impairment that ranged from 30-50%.
The finding that methylphenidate impaired PPI is not particularly surprising, in that administration of other psychostimulants (e.g., amphetamine) also disrupt PPI (Kinney et al. 1999; Lacroix et al. 1999; Sills 1999) . What is perhaps more noteworthy is the finding that it did so in a strain-dependent manner (Kinney et al. 1999) . Further evidence for this conclusion is provided by the observation that methylphenidate evoked a qualitatively different response on PPI in the WKY strain; 5 mg/kg evoked a 314% increase in PPI at the PP3 intensity, and changes that ranged between 0-15% at the higher intensities.
Finally, in order to assess dopaminergic tone with a biochemical marker, we examined NGFI-B mRNA levels in both untreated and methylphenidate-treated animals in all three strains. We found that methylphenidate increased NGFI-B mRNA in the accumbens and striatum only in the WKY strain. Recent anatomical evidence suggests a close relationship between NGFI-B and the dopaminergic system (Xiao et al. 1996; Zetterstrom et al. 1996; Gervais et al. 1999) . Moreover, NGFI-B gene expression has been shown to be modulated by drugs interacting with dopamine. For instance, quinpirole (a D2 receptor agonist) administered alone induced a significant decrease in striatal NGFI-B mRNA expression (Gervais et al. 1999) . Conversely, an acute or chronic treatment with haloperidol (a nonspecific D2, D3, D4 receptor antagonist) induces high NGFI-B mRNA levels in the prefrontal and cingulate cortices, in the nucleus accumbens shell, and in the dorsolateral striatum (Beaudry et al. 2000) . In some ways, methylphenidate, amphetamine, and cocaine could be considered as indirect agonists of the dopaminergic system. They all interact with the dopamine transporter to either promote dopamine release or block dopamine uptake which enhances dopamine action at the level of the dopaminergic synapse (Kuczenski and Segal 1997) . Therefore, it may seem paradoxical to see that methylphenidate induced an increase in NGFI-B expression in the WKY rather than a decrease as observed with dopamine agonist (Gervais et al. 1999) . This is consistent, however, with a recent study reporting that acute or chronic cocaine administration also upregulated the level of NGFI-B mRNA in striatal regions (caudate putamen, accumbens) and cortex cinguli (Werme et al. 2000a ). An increase in NGFI-B expression might reflect either a neuronal activation (cellular immediate-early gene, Mansi et al. 1998 ) or a specific increase in sensitivity for retinoid signaling in these regions (Werme et al. 2000b; Langlois et al. 2001) . Whether the increase in NGFI-B expression observed in treated WKY is related either to increased locomotion in response to methylphenidate in this strain or a stress-mediated effect remains to be determined.
Altogether, our behavioral and biochemical data did not provide evidence that WKHA might be a suitable model of ADHD. As a corollary, we found that WKY rats appear to have characteristics on their own that make them different from many other strains. In support to this statement, a recent study has evaluated in SHR, WKY, and Sprague-Dawley (SD) strains the ac- Figure 4 . Effects of methylphenidate administration (5 mg/kg) on NGFI-B mRNA expression in the striatum, accumbens, medial prefrontal cortex and cingular cortex in Wistar, WKY, and WKHA male rats. (n ϭ 6 per group). * indicates a significant difference (p Ͻ .05) as compared with the saline group. TID (total integrated density ϭ optical density in Ci/gr ϫ area in square pixel). quisition and performance in the differential reinforcement of low rate (DRL) paradigm, a test regarded as a behavioral screen from impulsive behavior and a characteristic trait of ADHD (Bull et al. 2000) . Bull et al. showed that the SHR did not exhibit impaired acquisition of the DRL task, and that both SHR and SD learned the task significantly quicker than the WKY strain. Interestingly, others have tagged the WKY rats as a possibly stress-sensitive strain (Pare and Redei 1993; Pare and Kluczynski 1997) . Numerous reports have indicated that the WKY rats display high anxiety and low locomotion reactivity compared with other strains (Pare 1992a (Pare , b, 1993 (Pare , 1994 Dugovic et al. 2000) . Likewise, the WKY have been proposed as an animal model of depressive behavior because they consistently demonstrate exaggerated behavioral and physiologic responses to stress in a variety of situations when compared with other strains (Pare 1993 (Pare , 1994 . Indeed, the WKY strain demonstrates higher levels of behavioral immobility at baseline in the forced swimming test (a rodent test sensitive to antidepressant drugs) and in open field (Pare 1994; Lopez-Rubalcava and Lucki 2000) . Thus, these rats possess a combination of behavioral and neurochemical (dopamine-related) characteristics that make them interesting models in their own right. These unusual characteristics, however, may make them unsuitable as "controls" for some behavioral or neurochemical studies. Consequently, the conclusions of any study based on comparisons of one particular strain to just WKY should be interpreted very cautiously.
